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uence right ventricular systolic 
performance under conditions of severely depressed right 
ventricular free wall contractility have not been fully eluci- 
dated. Although early experimental studies (l-5) suggested 
that the contribution of right ventricular contraction was 
minimal, the hemodynamic importance of right ventricular 
systolic function became apparent when the hemodynamic 
abnormalities associated with right ventricular infarction 
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were defined (6-91. tn previous experimental studies in 
animals (IO,1 I), we demonstrated that low cardiac output 
accompanying right ventricular infarction is due to reduced 
left ventricular preload resulting from depressed right ven- 
tricular systolic function and the effects of diastolic ventric- 
alar interaction induced by acute right ventricular dilation 
and exacerbated by elevated intrapericardial pressure. Al- 
though depressed cardiac output in patients with right ven- 
tricular infarction correlates with the extent of right ventric- 
ular free wall dysfunction (12-14), some patients tolerate 
profound depression of contractility without bemody~a 
compromise compared with others with a similar magnitude 
of systolic dysfunction who develop severe low ca 
output (13-17). 
To further delineate mechanisms that dete 
ventricular systolic performance when acute d 
right ventricular contractility is present, we employed a 
preparation of surgical right ventricular electrical isolation 
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that permits normal right ventricular function with atrioven- 
tricular (AV) pacing but an asystolic and noncontractile right 
ventricle in the absence of extrinsic pacing (18-20). 
b_enM preparation. Thirteen conditioned ogs 
weighing 20 to 30 kg were anesthetized with sodium pento- 
barbital (25 mg/kg), ventilated and placed on cardiopulmo- 
nary bypass. The right ventricuhir free wall was electric~iy 
isolated according topreviously described methods (18-20). 
The animals were weaned from cardiopulmonary Y pa% iu~J 
allowed to stabilize hemodynamically. An incision was made 
in the left fifth to seventh intercostal space to permit intro- 
duction of an echocardiographic transducer. Micromanom- 
eter-tipped catheters (Millar Instruments) were introduced 
through peripheral vessels into the left ‘ventricle, right ven- 
tricle, right atrium and aorta. Aortic flow was measured with 
an electromagnetic flow probe. The catheters were cali- 
brated to the mid-left ventricular cavity level and checked 
before recording for zero shift. Pacing electrodes were sewn 
to the right and left atrial appendages, right ventricular free 
wall and anteroseptai left ventricular wall. The sinus node 
was crushed with a clamp and oversewn with nonabsorbable 
sutures. Arterial blood gases, pH and hematocrit were 
monitored hourly. Ventilation was adjusted and bicarbonate 
was administered to maintain the partial pressure of xygen 
(PO*) and pH in the physiologic range. Core body tempera- 
ture of each dog was monitored and maintained at 36’C with 
a heating blanket. 
Data acquisition. Echocardiographic short-axis views 
were obtained by direct ransducer placement on the right 
ventricular free wall, 1 to 2 cm below the outflow tract. Four 
chamber views were obtained irectly on the left ventricular 
epicardium through the intercostal incision. In each view the 
transducer o ientation was adjusted to maximize right and 
left ventricular volumes and visualization of wall motion. 
Transducer position was carefully reproduced by placement 
relative to native aild surgical epicardial landmarks. Images 
were recorded on 0.5 in. (1.27 cm) videotape for quantitative 
off-line analysis with a calibrated microcomputer system 
(Hewlett-Packard). Pressures and the electrocardiogram 
(KG) were recorded with a direct-writing stripchart e- 
corder (Gould Medical Instruments) and a photographic 
recorder (Honeywell Instruments). 
Experimental protod. Dogs were studied under three 
Pacing conditions: I) AV sequential pacing, during which the 
heart was driven from the right atrium at a rate of 1%~ 
beatslmin, with spontaneous conduction to the left atrium 
and the ventricles paced simultaneously after atria1 stimula- 
tion at an AV interval of 140 ms; 2) discontinuation ofright 
ventricular pacing, which resulted in right ventricular elec- 
frical silence, during which the atria and left ventricle were 
paced Rt the previous sequence, rate and AV interval; and 3) 
lefr ventricular pacing alone at 150 beats/min without atrial 
or right ventricular pacing. On hemodynamic stabilization 
after cardiopulmonary bypass, baseline hemodynamic nd 
ultrasound measures!ents were recorded uring AV sequen- 
tial pacing. Right ventricular electrical silence was then 
induced, and measurements were recorded over the next 3 
min or until hemodynamic stabilization occurred. The left 
ventricle was then paced alone and measurements were 
repeated over a similar interval. Atrioventricular sequential 
pacing was then resumed and hemodynamic variables were 
allowed to return to baseline. T is pacing protocol was 
repeated onse in nine dogs in which hemodynamic measure- 
ments returned to within IQ% of baseline values. After 
completion of each experiment, the dog was killed. All 
experiments conformed to the Position of the Americas 
Neart Association on Research Animal Use and were con- 
ducted with the approval of the Washington University 
Committee on Humane Care of Laboratory Animals. 
Analysis of data. Waveform timing and pressure mea- 
surements were confirmed with reference to a simultaneous 
ECG and superimposed atria! and ventricular pressures. 
Analysis of right atrial waveforms included measurement of 
A wave amplitude, designated asthe peak pressure after the 
P wave: the slope of the X descent, defined as the first 
negative wave after the A wave; the V wave, measured as 
the peak pressure after he X descent; and the Y descent, 
defined as the negative wave after the V wave and before the 
subsequent A wave. Slopes of the atria1 descents were 
measured by planimetry. Pressures were analyzed just be- 
fore or after placement of the echocardiographic transducer. 
Echocardiographic chamber end-diastolic size was cal- 
culated (Hewlett-Packard data analysis package) from 
frames elected for optimal endocardial visualization and 
maximal chamber size just before the onset of ventricular 
systole, as defined by the R wave of the simultaneous 
cursor-timed ECG. Chamber outlines were traced in the 
short-axis and apical views, and areas were calculated by 
computer. The echocardiographic data are expressed as 
percent changes in chamber areas relative to baseline, 
designated as100% of control. In each view, under each set 
of pacing conditions, two separate beats were analyzed. For 
each condition, chamber diastolic area in the short-axis and 
apical views was calculated 2nd averaged, and the difference 
expressed as per:Lll[ change in area relative to a baseline of 
100%. kdme by frame wall motion analysis was facilitated 
by the ECG timing cursor, with end-diastole d fined as 
maximal ventricular size after the P wave. Earliest isovolu- 
metric systole was taken to be the first frame after the QRS 
complex. Sequential systolic frames were analyzed for the 
previous and subsequent frames with regard to chamber 
architecture, wall thickening and wall motion. 
Statistics. Data are expressed as mean values and stan- 
dard deviation. Comparisons were made by analysis of 
variance for repeated measures, primarily with respect to 
ence of an intact ~~~~d~Mrn. 
could. cont~bnte to syst~~~~ ve 
pericardium (21,22). ~ieve~tbe~ess, cautio 
when extrapolating the pr sent results to 
cardial conditions. This precaution i~dnced 
and diastolic rigbt vent~cnlar dysfunction. 
cause is~hemia may ~~rn~~y induce 
dysfunction (231, subtle differences in bemodynamic mani- 
festations must be considered when relating these findings to 
ischemic onditions. 
ight ventricular elec- 
trical isolation wt - i nduced successfully in8 of the 13 dogs; 
the remaining 5 dogs were excluded because of incomplete 
electrical isolation or depressed wall mzotion. During base- 
line AV se¶uentia~ p ing, hem~ynami~ and wall rnot~n~ 
m~surements were normal. Dis~ontimuat~on of right ven- 
tricular pacing led to right ventricular electrical silence, 
which resulted in abrupt right ventricular free wall dyskine- 
sia and an immediate d clare and delay in the gene~tio~ of 
a depressed and aid ~gbt vent~~M~ar systolic possum 
waveform (Table 1, Fig. 1 and 2). Left ventricular p essure 
rapidly exceeded right ventricular pressure, generating a 
rightward transseptal gradient at lower pressures and earlier 
Systemic arterial pressure 
End-diastok 
E~~ocardiograp~i~ WV cnd- 
diastolic area (Q of 
c~~~tr~~~ 
work ~~rn;rn~~ 
I pressure 
) 
A wave 
v wave 
S!ope of WY descent 
LV pressure (mm Hg) 
Sys&, 
End.diastolic 
~ch~ard~ogra~~ic LV eod- 
diastolic area (5% of 
control) 
LV stroke work (g-mlm? 
Stroke volume (ml) 
i.0 -c 0.3* 
7.6 + 2.8” 
8.5 t 2.0” 
7.5 i 1.6@ 
2.6 2 0.7” 
80 2 18* 
9.6 f. 3.3 
69 + II’ 
g9+73* . -_. 
10.3 2 3.5’ 
R L 12” 
38 t 7” 
13 t 4” 
6.0 + 1.7* 
133 + 9* 
0.5 r 0.2’ 
1O.U c 3.4* 
7.2 + 4.3” 
83 + 5.4* 
602 16’ 
9.1 f 3.4 
6428 
5.6 r :.1* 
7.8 + 2.19 
*Statistically significant at the 95% level (p < 0.05). AVSP = atrioven. 
tricular sequential pacing: LV = lefi ventricular: LV Me = kft ventricular 
along alone; W/ES = right ventricular ~~~tri~al silence: RV = right 
veat~~~lar. 
ithin several beats, there were marked 
decreases in aortic stolic pressure, left ventricular systolic 
ress~re and aortas w. Although right ventricn~ar end- 
, its stroke work was severely 
depressed (Table 1). Echocardiography demonstrated right 
ventricular free wall dyskinesia and in 
ular end-diastolic area (Fig. 3 and 4). 
right vent~cniar escape beats ledto b 
of right ~fent~cular free wall motion and increased right 
ventri~:ular systolic fissure (Fig. 1). Du~ng electrical si- 
lence, right atria1 mean pressure increased in association 
with an augmented A wave and a prominent X but blunted II 
descent (Table I, Fig. 2). Left ventricular systolic pressure 
decreased and, although its end-diastolic pressure was un- 
abated, end~diasto~i~ area decreased. Left vent~cu~ar con- 
tracti~ity was intact on ultrason~d study (Fig. 3 and 4f, but 
left ventricu!ar stroke work was depressed (Table 11. 
Right ventricular electrical silence resulted in reversed 
~~a~toiic septd ~t~rvatlire fowarii the voiu~e~~~~rive~ ief 
ventricle (F&q. 3 any 4). ~n~ng systo~e, se 
exhibited a biphasic paradoxic pattern: in early isovo~umet- 
ric systoie, with minimal thickening, the septum bulged 
anteriorly into the right ventricle, reducing right ventricular 
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Figure 1. Hemodynamic measurements during atrioventricular 
(AV) sequential pacing, right ventricular (RV) electrical silence and 
left ventricular (LV) pacing. Aortic, left and right ventricular nd 
right atrial (RA) pressures are expressed in mm Hg and aortic flow 
in liters/min. Right ventricular electrical silence resulted in a de- 
pressed and bifid right ventricular systolic waveform, with associ- 
ated decrements in left ventricular nd aortic systolic pressure and 
aortic flow. Occasional spontaneous right ventricular “escape 
beats” (arrows) reveal instantaneous improvement i  right ventric- 
ular systolic pressure. During left ventricular pacing, right ventric- 
ular systolic pressure decreased further, as did left ventricular nd 
aortic systolic pressure and aortic flow. ECG = electrocardiogram. 
volume concomitant with generation f the initial peak of the 
bifid right ventricular waveform (Fig. 3 and 4); as systole 
progressed, the septum moved posteriorly toward the left 
ventricle coincident with peak left ventricular-septal short- 
ening, maxima! left ventricular pressure generation a d the 
second peak of right ventricular pressure. 
Left ventricular pa&g. With right ventricular contrac- 
tion quiescent, discontinuation f atrial pacing (left ventric- 
ular pacing alone) resulted in fur<her decreases in right 
ventricular systolic pressure, left ventricular systolic pres- 
sure and stroke volume (Table 1, Fig. 1 and 2). Loss of AV 
synchrony was associated with decreased right ventricular 
end-diastolic area, end-diastolic pressure and stroke work. 
Right atria! mean pressure increased further, but the previ- 
ously augmented A wave was replaced by a prominent V 
wave (Fig. 2). Left ventricular diastolic area and end- 
diastolic pressure decreased slightly, and left ventricular 
systolic pressure and stroke work decreased significantly. 
The interventricular septum continued to exhibit reversed 
diastolic urvature and the pattern of biphasic paradoxic 
systolic septal motion persisted with a similar temporal 
relation of septa! motion to right ventricu!ar nd left ventric- 
ular pressure generation. Restoration of AV sequential pac- 
ing led to instantaneous normalization f right ventricular 
systolic pressure and prompt resolution of a!! hemody~amic 
and echocardiographic abnormalities. 
Observations from the present study support the concept 
that acute right ventricular f ee wall dysfunction compro- 
mises right ventricular systolic rformance. New 
further indicate the important 
pandiastolic impairment of righ 
pensation for diastolic abnormalities including augmented 
right atria! contractility and intact AV synchrony; 3) the 
supportive contributions of le t ventricular-septal contrac- 
tion transmitted through septal-mediated systolic interac- 
tion; and 4) the relation of these effects to alterations in
waveform patterns and septal motion. 
ight ventricular systolic dys~Mnction anld systolic ventric- 
interaction. Our findings demonstrate that when con- 
traction of its free wall is acut epressed, fight ventricular 
performance is compromised. en paced physiologically, 
the right ventricular free wall ratted posteriorly toward 
the septum, generating a normal right ventricular pressure 
waveform and cardiac output. Right ventricular electrical 
silence resulted in instantaneous lo s of free wall contrac- 
tion, abrupt right ventricular dilation and severe depression 
of right ventricular pressure generation. Right ventricular 
stroke work decreased, resultihg in diminished transpulmo- 
nary flow, which in concert with diastolic ventricular intcr- 
action induced by acute right ventricular dilation, reduced 
left ventricular p eload and depressed cardiac output. 
Despite dyskinesia of the right ventricular free wall, an 
active but depressed right ventricular systolic pressure 
waveform developed. Right ventricular p essure appeared to
be generated by left ventricular-septa! contraction transmit- 
ted through systolic ventricular interaction. The observed 
pattern of biphasic paradoxic septa! motion associated in
time with a bifid right ventricular systolic waveform suggests 
that the septum may both generate and mediate this com- 
pensatory interaction. In early isovolumetric systole, with 
minimal septa! thickening, the septum bulged paradoxically 
into the dyskinetic right ventricle, with a pistonlike motion 
associated with the initial peak of right ventricular p essure. 
The second peak of the bifid right ventricular waveform 
coincided with later posterior septa! motion and was con- 
comitant with the peak of left ventricular pressure and 
maximal septal thickening. The right ventricular pressure 
gradient observed may be generated, in part, through me- 
chanical displacement of he septu into the right ventricle, 
an interaction likely to be dominant earlier in systole. 
Primary right-sided septa! contraction may also contribute o
right ventricular pressure generation, an effect that would 
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rapidly exceeded the former, generating a trans- 
septal gradient earlier in systole and at Power 
pressures. Right atrial mean pressure increased 
during right ventricular electrical silence with 
marked augmentation of tke A wave 
development of a prominent X but bl 
descent. During left ventricular pacing. r 
tricular and left ventricular systolic pressures 
decreased further, right atrial mean pressure in- 
creased and the previously au~l~eflted A wave 
was replaced by a prominent V wave. 
I_. - AVSP 
reach a maximal value during peak left vc~t~~cula~-se~ta~ 
tension deve:ogment . 
~ec~a~~s~~ by which 
further study. 
Paradoxic sepal motion way hr both a rtiffec&a of avtd 
c.orrl~~errstrlicm for dcpmsed v-igk f wvvlricrrkvr conlr’ar-Ii&y. 
itectural c~~~ect~~~s, 
tolic o~~e~tat~o~, josta~ta~eous transseptal gradient and 
ve~tr~cuia~-se~ta~ conduction patterns and contractility (24- 
28). Faradoxic septai motioar. commonly seen in right ven- 
Figure 3. Short-axis echocardiographic images during 
atrioventricular sequential pacing (AVSP) demonstrate 
normal end-diastolic (ED) orientation of the interven- 
tricular septum (VS), and physiologic motion of the 
septum and right ventricular free wall (open arrows) at 
end-systole (ES). During right ventricular electrical si- 
lence (RVES) (lower four panels), the frame by frame 
sequence demonstrates reversed diastolic septal curva- 
ture (small arrows) from the markedly dilated right 
ventricle to the preload-deprived left ventricle. During 
earliest isovolumetric systole, with minimal left ventric- 
ular-septal thickening, the septum (open white arrow) 
moves paradLcally into the right ventricle, the free 
wall of which is noncontractile (open black arrows). 
With subsequent left ventricular-septal shortening and 
thickening, the septum is further displaced anteriorly 
into the right ventricle (solid white arrows), reducing 
right ventricular volume despite right ventricular free 
wall noncontractility (open black arrows). With peak 
end-systolic left ventricular-septal shortening, the sep- 
tum has moved posteriorly toward the left ventricle 
(0 ite arrow). 
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AVSP 
RVES 
Pii 4. Two-dimensional apical and short-axis M-mode chocar- 
diographic images. During atrioventricular sequential pacing 
(AMP), right ventricular size and free wall motion (black arrows) 
are normal. With right ventricular electrical silence (RVES), the 
right ventricle isdilated uring diastole and left ventricular volume 
is reduced, inpart because ofencroachment of he septum whose 
curvature is reversed (white arrows). During systole, the septum 
bulges paradoxically (white arrows) into the dyskinetic right ventri- 
cle (black arrews). M-mode images with concurrent display of right 
ventricular systolic pressure (RVSP) during right ventricular elec- 
trical silence (RVES) demonstrate reversed diastolic septal curva- 
ture (solid white curved arrow) and a biphasic pattern of paradoxic 
systolic scptal motion. Early systolic anterior septal motion (solid 
white arrows) is coincident with the initial increase inright ventric- 
ular systolic pressure, generated despite right ventricular free wall 
dyskinesia (black open arrow), whereas subsequent posterior septal 
motion (open white arrows) is timed to the later peak of right 
ventricular systolic pressure concomitant with maximal left ventric- 
ular posterior wall (LVPW) thickening. RA = right atrium; vs = 
ventricular septum. 
tricular volume overload (25,27,28), has been ascribed to 
“systolic rearrangement” of distorted diastolic ventricular- 
septal shape (27,28). Observations from this study suggest 
that the paradoxic motion associated with severe right 
ventricular free wall dysfunction may also reflect develop- 
ment of an early systolic transseptal gradient, created when 
absent right ventricular contraction all ws unopposed left 
ventricular-septal ressure generation. 
Previous studii. Our data are consistent with previous 
animal studies of acute right ventricular dysfunction, 
whether induced by infarction (IO, 1 I,29,30) or electrical 
isolation (19). All demonstrated that impaired contraction of 
its free wall depresses right ventricular performance, which 
results in diminished left ventricular p eload and low cardiac 
output. However, given the wide spectrum ofhemodynamic 
perturbations that may result from similar magnitudes of 
right ventricular dysfunction (13-17). it is likely that addi- 
tional mechanical determinants of right ventricular perfor- 
mance xist One such mechanism relates to interventricular 
septal performance. It is known that even under normal 
conditions, left ventricular-septal contraction contributes to 
right ventricular performance through septai-mediated inter-
action, effects that re reflected in a bifid right ventricular 
positive first derivative of left ventricular pressure (dF/dT) 
(21,22,31,32), analogous to our observations of a bifid wave- 
form and biphasic septal motion pattern. Though previous 
investigations (l9,33) of acute right ventricular dysfunction 
have postulated the presence of septal-mediated compensa- 
tory systolic interaction, only one previous tudy (33) doc- 
umented these effects. Compensatory s stolic interaction 
has been demonstrated (18) in patients undergoing right 
ventricular isolation for arrhythmogenic r ght ventricular 
dysplasia. However, right ventricular hypocontractility s 
better tolerated insuch patients (l&20), presumably because 
of preexisting compensatory mechanisms a sociated with 
chronic right heart failure. observations fro our study, 
relating systolic interaction tothe biphasic pattern of septal 
motion and abnormalities n the right ventricular waveforms, 
have not previously been delineated. Of interest, patients 
~rn~dan~e as the right ventr~~9g 
pliant pressure-volume curve. 
obst~ct~o~ r ~er~card~a9 restramt, he 
arrow resistance a 
also be expected. 
Pressure or volume overload of one ventral 
filling and compliance of the contralateral vent 
diasto9ic ventri~nlar interaction mediator 
right ve~tr~~n9a~ di 
d left v~~t~i~~l~r ~r~ss~re-vol~~~ 
se~ta9 ~nrvat~re, wbi~~ 
increased left vent ressure despite decreased 
preload. This diastolic interaction furtber impeded left ven- 
t~~nlar ~lling and, in association with reduced pulmonary 
blood flow, contributed todepressed cardiac output. 
The biventricular diastolic dysfunction and diastolic in- 
te~ctio~ observed in the present study are not unique to our 
experimental preparation (IQ.1 l,lg,19,29,30) or to patients 
with hemodynamically severe right ventricular infarction 
(7,14,16,17). However, a pandiastol~~ pattern of right ven- 
tricular dysfunction has not been previously reported. In 
fact, our finding of a blunted right a rial Y descent differs 
from previous interpretations because most previous studies 
(7,16,17) have characterized the Y descent as brisk. How- 
ever, as in the present study, wren right atrial waveform 
components in patients with severe right vent~~ular infarc- 
tion are timed to mechanical events by correlation with 
simultaneous rigbt ve~tricu9ar fissure, the Y descent ap 
pears to be blunted (39). Furthermore, Doppler ultrasound 
studies (40) in patients with inferior myocardial infarction 
and right ventricular involvement demonstrate a similar 
pattern of impaired early right ventricular filling. 
i 
the A wave. The 
atria9 ~~~tr~~t~o~ 
Atrgmntcd right arrial tractility and intact 
~~~~~:~ are Kiowa to ~~~tr e to ri~bt 
~amce in other conditions ~ara~te 
ventricular systolic and diastolic dys 
ever, to the best of onr 
e~menta9 cme right 
reported. Enhanced right atria9 contraction 
ular infarction are we99 known 
enhanced right at~a9 contra- 
tion nor its loss due to AV dyssync~rony have been 
ously described. 
~o~c9usio~* The endings in this study demonst~te that 
acute depression of right ventricular free wall contraction 
impairs right ventricular performance and is associated with 
a batter of pandiastoli~ r ght vent~cular dysfunction, When 
contraction of its free wall is acute!y depressed, right ven- 
tricular performance is dependent onleft ventricular-septal 
contraction transmitted through systolic inte~ct~on medi- 
ated by the septum. These mechanics of right ventricular 
pressure generation are reflected in a pattern of biphasic 
~arado~ic septal motion and a depressed a 
ventricular systolic waveform. Augmented ri 
traction enhances ~l9i~g of the 
and optimizes output generated by the ~nte~~tions $el~~- 
eated. Intact AV synchrony contributes to biventricular 
filling and is an im~o~ant determinant of systemic ~~tpnt. 
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